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ABSTRACT: Optical intensity distributions in the focal region play an important role in many optical systems. In 
this paper, the tunable focusing properties of azimuthally polarized sinh Gaussian beams induced by cosine phase 
masks are investigated theoretically by vector diffraction theory. Results show that when the azimuthally polarized 
sinh Gaussian beam with cosine phase plate is focused, the focal pattern differs considerably with frequency 
parameter (C) in the cosine function term. Increasing the value of frequency parameter in the cosine part of the 
phase mask, focal shift may occur, including multiple-peak focal pattern were also given to show that the focusing 
properties of this kind of sinh beams may be used to construct tunable optical traps. 
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1. INTRODUCTION 

Radially and azimuthally polarized vector beams 
are now among the more well-known cylindrical vector 
beam categories. Cylindrical vector beams 
demonstrating cylindrically symmetric polarization 
have attracted considerable interest because of their 
potential applications in electron acceleration [1], 
optical trapping and manipulating [2], and material 
processing [3]. high resolution microscopy [4] surface 
plasmon excitation[5], atomic spin analysis [6],and 
spectroscopy [7]. Two procedures, known as the 
passive and active methods, generate radially and 
azimuthally polarized beams [8]. Among these 
applications, particular interest has been given to the 
high numerical aperture (NA) focusing property of 
these beams and their application as a high-resolution 
probe. Due to the symmetry of the polarization, the 
electric field at the focus of a cylindrical vector beam 
has unique polarization properties. For example, it has 
been shown that the longitudinal component of the 
focus from such a cylindrical beam is much stronger 
than the transversal component, and the size of the 
longitudinal focus is much smaller than the transversal 
focus [9, 10]. Recently, one kind of Hermite-sinusoidal- 
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Gaussian beams, which named sinh-Gaussian beam, has 
been received intensive attentions [11]. The similarity 
of hollow sinh-Gaussian (HsG) beam and higher-order 
Laguerre-Gaussian beam is the intensity null at center. 
Therefore, a radially polarized HsG beam will show 
similar focusing characteristics comparing with higher 
order Laguerre-Gaussian beam. The more general 
solution is Hermite-Sinusoidal-Gaussian beams, which 
was introduced by Casperson and coworkers [12,13]. 
Hyperbolic-cosine- Gaussian beams are regarded as the 
special case of Hermite-sinusoidal-Gaussian beams, 
and are of practical interest because their profiles can 
be altered by choosing suitable beam parameters in 
cosh parts [14].Among the variety of types of gaussian 
beams, e.g..Laguerre- Gaussian (LG) beam [15], the 
high order hollow’ sinh-Gaussian beam _ [16], 
Multigaussian beam [17], Hollow gaussian beam are 
discussed in depth [18].On the other hand, research on 
optical vortices has grown rapidly, because optical 
vortices have some _ interesting properties and 
applications [19-20]. Evolution of the optical vortex 
was found in stochastic vortex fields [21]. Vortex array 
laser beams have attracted much interest due to their 
special mesh field distributions, which show great 
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potential in the application of multiple optical traps 
and dark optical traps [22]. In the investigation of 
focusing properties of optical beams, tracing the 
movement of the point of absolute maximum intensity 
along an optical axis has attracted many researchers 
for several decades [23-26]. It was found that the point 
of absolute maximum intensity does not coincide with 
the geometrical focus but shifts along the optical axis. 
This phenomenon is referred to as focal shift. More 
interesting, the focal shift may be in continuous in 
certain optical focusing systems. To inspect focusing 
properties of this kind of light beam with azimuthally 
polarized distribution is very interesting, which may 
deepen understanding of its properties and expand 
application. In this paper, the focal hole shift of the 
azimuthally polarized sinh Gaussian beam with radial 
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cosine phase plate is investigated theoretically by 
vector diffraction theory. 


2. Vector diffraction theory of azimuthally 
polarized sinh Gaussian beam 

A schematic diagram of the suggested method is 
shown in Figure 1. The azimuthally polarized sinh 
Gaussian beam with cosine phase plate and then 
focused through a high NA lens system. The analysis 
was performed on the basis of Richards and Wolf's 
vectorial diffraction method [27] widely used for high- 
NA lens system at arbitrary incident polarization. In 
the case of the incident polarization, adopting the 
cylindrical coordinates r,z,d and the notations of Ref. 
[28], The focal field of a azimuthally polarized sinh 
Gaussian beam (APSHGB) can be written as: 


E(r,.2) =| Ep |=|2A | fcos(@)sin OT @)J, (kr sin 8) #829 | > (1) 
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Where, k = 27r// is the wave number and Jn(x) is the Bessel function of the first kind with order n, r and z are the 
radial and z coordinates of observation point in focal region, respectively. In the system investigated in this article, 
the wave front phase distribution is radial cosine function distribution, and can be written as [29] 


— tan(0) 
o=% cos} ouay) ] — (2) 


where C is the frequency parameter in cosine part of the wavefront phase distribution, C denotes the radial change 
frequency of the phase and parameter. The reason for choosing this kind of radial cosine phase wavefront is that it 
is very simple and easy to carry out, for example this kind of phase distribution can be implemented by phase 
spatial light modulator or by pure phase plate manufactured by the lithographic method conveniently. The T7(@) 


describes the azimuthally polarized sinh-Gaussian beam [30], this function is given by 
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Where (m=0, 1, 2,:::) is the order of the hollow sinh-Gaussian beam. If m=0, the above equation is reduced to the 
fundamental Gaussian beam with beam waist of wo. However, a new kind of sinh Gaussian beam is obtained when 
m is greater than 1. It is noted that the amplitude distribution of hollow sinh-Gaussian beam is determined by w0 
and m. In order to describe the relation of the amplitude distribution and the parameters of sinh-Gaussian 
intuitively, the normalized amplitude distribution of sinh-Gaussian with different value of parameter w0 and m are 
shown in Fig. 1 of [30].It is easy to see that the position of maximal amplitude of hollow sinh Gaussian beam is 
shifted to right while the value of w0 or m are increasing. Therefore, one can control the amplitude distribution of 
hollow sinh-Gaussian beam by choosing w0, simultaneously or m reasonably. 


3. RESULTS AND DISCUSSION 


Without loss of validity and generality, the 
focusing properties of the azimuthally polarized sinh 
Gaussian beam with radial cosine phase wave front are 
calculated. We perform the integration of Eq. (1) 


numerically using parameters A = 1, 8 max=arcsin(NA), 
@o=0.500, NA = 0.9 and m=2. Here, for simplicity, we 
assume that the refractive index n =1and A=1. For all 
calculation in the length unit is normalized to A and the 
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energy density is normalized to unity. In order to 
understand focusing properties of azimuthally 
polarized sinh gaussian beam with high NA lens system 
is investigated without wavefront phase modulation. 
The intensity distribution of aazimuthally polarized 
sinh gaussian beam incident for the high NA lens is 
Shown in Fig.2 (a-c).It is observed from the From the 
Fig.2a, we measured the FWHM of the generated focal 
hole size is 0.38A and focal depth 4A which is shown in 
Fig.2b. Such a focal hole segment is useful for low 
refractive index particle trapping. The Fig.3 (a-f) shows 
the focal segment generated for frequency parameter 
values of C=0.5, C=1, and C=1.5. It can be seen from the 


cosine phase plate 


Azimuthally polarized 


sinh gaussian beam 
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Fig.3 (a&d) shows that the generated focal segment is a 
shifted focal hole. From the Fig.3 (a&d) the maximum 
intensity position shifted to -1A, However when we 
increased frequency parameter (C) values for C=1 and 
C=1.25 the maximum intensity position shifted to -2A, 
and -2.5A respectively is shown in Fig.3 (b,e& c,f). We 
observed that the generated focal hole in the focal 
region shifts towards the optical aperture along optical 
axis on increasing frequency parameter C, namely focal 
shift phenomenon occurs. If this focal peak is used to 
construct one optical trap, frequency parameter C may 
be employed to adjust trap position, can transport 
micro particles. 
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Fig.1. Focusing of azimuthally polarized sinh gaussian beam with radial cosine phase plate by high NA lens 
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Fig.2.(a) 2D intensity distribution at z=0 A (b) On axial intensity at r= 0.4A (c) 3D intensity distribution for 
without radial cosine phase modulation 


Prabakaran et al., 


International Journal of Advanced Science and Engineering 


www.mahendrapublications.com 


Int. J. Adv. Sci. Eng. Vol.6 No.4 1476-1481 (2020) 1479 


Normalized Intensity ()) 
Normalized Intensity (,)  ~ 


—_ 


10 $ r $ 10 


Lo 


E-ISSN: 2349 5359; P-ISSN: 2454-9967 


Normalized Intensity ().) 


Fig.3. 3D and 2D intensity distribution for (a&d) C = 0.5, (b&e) C = 1 and (c &f) C=1.5 respectively. 
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Fig.4.(a) 2D On axial intensity distribution at r= 0.4/1 (b) 3D intensity distribution for under the condition 
of wo=0.500, C = 6 respectively. 


The Fig.4 shows the focal structure generated by 
azimuthally polarized sinh gaussian beam tightly 
focused with high NA lens. It is observed from 
Fig.4(a&b) when cosine parameter value C=6, the 
generated focal generated focal structure is a two 
shifted focal holes along the optical axis, profile having 
FWHM of ~0.4A and focal depth of ~1.8A which leads to 
three local intensity minimum occurring between the 
two intensity peaks. However the maximum intensity 
positions shifted to -9A, and +9A respectively is shown 


in Fig.4. (a& b). If this focal peak is used to construct 
multiple optical trap, frequency parameter may be 
employed to adjust trap position. Now the value of 
frequency parameters is changed to investigate its 
effect on focal pattern evolution. The intensity 
distributions for wo = 0.500 and different C values are 
illustrated in Fig. 5. It can be seen from this figure that 
the frequency parameter C affects focal intensity 
distribution very considerably. On _ increasing 
frequency parameter C=8, it is observed five splitted 
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focal holes near and far from the optical aperture along 
optical axis with axially separated by the distance is 
5Awhich is shown in Fig.5(a).However, frequency 
parameter value further increases to C = 8.5, five 
splitted focal hole is changed into three splitted focal 
holes segment and are axially separated by the 
distance is 6Arespectively is shown in Fig.5 ( b). From 
above focal pattern evolution process, we can see that 
for certain frequency parameter C can _ alter 
considerably intensity distribution in focal region of 
azimuthally polarized sinh Gaussian beam and many 
novel focal patterns can occur, which can be used to 
construct tunable optical traps. Therefore, focusing 
properties of the radially polarized Sinh Gaussian beam 
may find very wide application in multiple particle 
trapping and manipulation 


Fig.5. Normalized total intensity distributions in r-z 
plane under the condition of wo=0.500, (a) C = 8, 
(b) C = 8.5 respectively. 


5. CONCLUSION 


In summary, the focusing properties of a 
azimuthally polarized sinh gaussian beam by a high NA 
objective are studied in detail. The simulation results 
show that the intensity distribution in focal region of 
the azimuthally polarized sinh gaussian beam can be 
adjusted considerably by the frequency parameter C. 
Focal hole can shift along optical axis on increasing C, 
and focal pattern changes are observed. Moreover, by 
altering frequency parameter of the phase plate will 
change the energy distributions of maximum intensity 
peak and other small intensity peaks appeared and 
novel focal holes also evolve considerably. These 
special focal fields have potential applications in 
photolithography, optical trapping and manipulation, 
nanoscale imaging, and materials processing. 
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